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Abstract
District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 
This paper reports the study of a conceptual gasoline Internal Combustion Engine (ICE) using scroll type rotary 
device rather than conventional piston as the main engine component. The proposed innovate engine adopts 
Humphrey Cycle to maximize the power performance of ICE. A performance comparison of the Humphrey Cycle, 
Otto cycle and Brayton cycle has firstly been conducted and studied. The effects of using different designed 
compression ratio under variabl  expansion ratio have been investigated, which identify the optimal operation l 
conditions under different compression/expansion ratio of the engine. A case study has been conducted to study the 
performance of small scale scroll-type rotary ICE. Results pointed out under designed compression ratio from 2:1 to 
10:,1 the effective energy efficiency of the scroll-type rotary ICE ranges from 0.41 to 0.55 and the effective power 
from the system ranges from 2.88 to 15.82 kW.  
 
© 2017 The Authors. Publis d by Elsevier Ltd. 
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1. Introduction 
Increasingly attentions are focusing on the environmental problems caused by burning fossil fuels. The 
development of more efficient, more compact and cost effective Internal Combustion Engine (ICE) can potentially 
improve the overall energy efficiency through burning fossil fuels, reduce the emissions compared with 
conventional engine and generate more effective engine shaft power. Gasoline engines and diesel engines are two 
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most well know ICE technologies [1]. The higher of the compression ratio, the higher overall efficiency of the ICE 
can be obtained. However, typical compression ratio of gasoline engines ranging from 7:1 to 10:1, which is much 
lower than that of typical diesel engines. The development of high efficient gasoline engine to operate in low 
compression ratio can potentially solve this problem. Moreover, the piston-type gasoline and diesel engines both 
waste high pressure energy at the end of expansion process [1, 2]. The gas turbine engines using the same 
combustion process as diesel engines can perform full expansion process, which can produce much higher power 
than diesel engines under the same operational conditions [1, 3]. On the other hand, the scroll type rotary device has 
the advantages of compact, low noise, high efficiency and low cost, which has been widely used in small scale 
power generation system such as Organic Rankine cycle [4-8]. In this paper, a Scroll-type rotary Internal 
Combustion Engine using Humphrey Cycle has been proposed and studied, who adopts full expansion process 
similar as gas turbine engines and can be potentially used to burn gasoline with much lower compression ratio 
compared with typical gasoline engine.  






Fig. 1. Schematic diagram of scroll-type rotary ICE Fig. 2. (a) P-V diagram, (b) T-s diagram 
Fig. 1 shows the schematic diagram of the scroll-type rotary ICE. The working process can described as follows.    
From pint 1 to 2, the air and fuel mixture is supplied to the compressor part of the engine. The rotational dual-face 
scroll starts to rotate and compress the mixture from the suction area to the centre of the two scrolls in order to form 
the high pressured mixture as illustrated in Fig.3 compressor mode. The compressed air and fuel mixture flows 
through the center port of the rotational dual-face scroll from the compressor side to the expander side. The 
combustion process happens in the chamber of the expander side of the engine as illustrated in Fig. 1. The mixture 
of high pressure air and fuel is ignited by the spark plug, when the two chambers A1 and A2 finishes the suction 
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process as shown in Fig. 3 under the crank angle 0  . Due to the combustion process is ignited in two fixed 
chamber, this process can be recognized as the constant volume combustion. The working process from Point 2 to 3 
can therefore be drawn as Fig. 2. After the combustion process, the expansion process immediately starts, which is 
illustrated as the expander mode in Fig. 3. The high temperature/high pressure gases drive the expander part of the 
scroll-type rotary ICE. The work produced from the ICE is obtained from the shaft connected on the rotational dual-
face scroll. The exhaust gases from the ICE are released directed to the environment at the exhaust port of the 
expander side of the engine, which means full expansion process can be obtained.  
3.  Evaluation methods 
In this study the idea thermal energy efficiency of Humphrey cycle, Otto cycle and Brayton cycle has firstly been 
studied and compared. The calculated conducted in this part sets the combustion temperature at 1600 oC (T3 in Fig. 
2) and the environmental temperature at 30 oC. The working fluid has been recognized as idea gas. The effects of 
exhaust gases and chemical reaction processes burning fossil fuel are ignored.  
The second part of this work has been conducted to evaluate the effects of geometric relationship on the scroll-
type rotary ICE overall performance. In the compression process, the work consumed by the compressor part of the 
engine is defined as Eq. (1) [11], where Point 2_d is the designed working point defined by the geometric parameter 
of the scrolls under isentropic expansion process.  
2 _ 1 2 2 _ 2 _[( ) ( ) ]com d d dW m h h P P v                 (1) 
The energy provided to the engine during 
combustion process is calculated by the following 
equation, where assumes 80% of overall fuel 
energy can be obtained by the engine. ( 2 3 0.8   ) 
3 2 2 3( )combustionQ m h h                                     (2) 
The work produced from the expander side of the 
engine can be calculated by Eq. (3), where 4 _ dh is 
the designed exhaust specific enthalpy of after the 
isentropic expansion process.  
exp 3 4 _ 4 _ 1 4 _[( ) ( ) ]d d dW m h h P P v                 (3) 
The overall thermal efficiency of the scroll-type 
rotary ICE can be defined as  
_ exp( ) /scroll ICE com combustionW W Q                        (4) 
The mass flow rate of the fluid is calculated by the 
Eq. (5), where combustionV is the combustion volume 




                                                 (5) 
4.  Results and discussion 
4.1 Performance comparison of Humphrey cycle, Otto cycle and Brayton cycle 
The scroll-type rotary Internal Combustion Engine adopts Humphrey cycle throughout the operations as 
previously described. The ideal thermal efficiency of the Humphrey cycle, Otto cycle (gasoline engine) and Brayton 
cycle (gas turbine engine) under different compression and pressure ratio has been studied and compared. In order to 
 
Fig.3. Schematic diagram to illsutrate the working principle 
of scroll device [9, 10] 
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avoid misfire, the compression ratio of a typical gasoline engine ranges from 7:1 to 10:1, which limits the overall 
thermal efficiency within the highlighted area as shown in Fig. 4. The maximum ideal thermal efficiency of a 
gasoline engine under 10:1 compression ratio is about 0.55, which can be achieved by gas turbine engine using 
Brayton cycle under around 8:1 compression ratio. On the other hand, the novel scroll-type rotary Internal 
Combustion Engine using Humphrey cycle only requires the compression ratio as low as 2.05 to achieve the same 
overall thermal efficiency of the Otto cycle under the maximum compression ratio. 
Typical gas turbine engines can be operated under the pressure ratio from 5 to 20 as the highlighted area in Fig. 4 
(b), which illustrates the theoretical overall thermal efficiency of gas turbine engine can always be higher than that 
of gasoline engine under the same pressure ratio. Results pointed out the maximum thermal efficiency of Brayton 
cycle within the operational conditions of typical gas turbine under pressure ratio at 20:1 is about 0.56, which can be 
achieved by the Humphrey cycle under the pressure ratio at 4.1. The results clearly presented under the same 
designed operational conditions the performance of Humphrey cycle is far better than that of Otto cycle and Brayton 
cycle. Moreover, the scroll-type rotary Internal Combustion Engine adopting Humphrey cycle can achieve the same 
overall thermal efficiency as that of typical gasoline engine and gas turbine engine under relatively low compression 
and pressure ratio, which means the cost of material used in the scroll-type rotary Internal Combustion Engine can 
be much lower than that of typical gasoline engine and gas turbine engine. 
 
4.2 Effects of designed compressor compression ratio on the scroll-type rotary Internal Combustion Engine 
Other than piston type ICE, the scroll-type ICE can be operated using different volume compression/expansion 
ratio during the compression and expansion processes. The effects of variable compression/expansion ratio of the 
compressor/expander side of the scroll-type rotary ICE have been studied. Five compression ratios of the 
compressor side are selected to represent the influence of changing expansion ratio on the performance of the 
engine. Results indicate the optimal overall energy efficiency of the scroll-type rotary engine exist within the engine 
compression ratio from 2:1 to 10:1. At the optimal performance point, the designed expansion ratio of expander side 
is much higher than the compression ratio of compressor side. Fig. 5 (a) shows the optimal performance can be 
achieved under the compression/expansion ratio at 2:1/5.1:1, 4:1/9.5:1, 6:1/13:1,8:1/14:1 and 10:1/16.5:1, when the 
energy efficiency of the system can be respectively achieved at 40.92%, 48.02%, 51.52%, 53.62% and 55.24%. The 
wasted energy ratio of the overall supply energy has also been evaluated under different compressor/expander ratios 
  
(a) (b) 
Fig. 4. Comparison of ideal thermal efficiency of Humphrey cycle, Otto cycle and Brayton cycle  
(a) under different compression ratio, (b) under different pressure ratio 
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(a) under different compression ratio, (b) under different pressure ratio 
5 Yiji Lu et al. / Energy Procedia 00 (2017) 000–000    
and the results are plotted in Fig. 5.  Results show the minimum dumped energy ratio under the compression ratio at  
2:1, 4:1, 6:1, 8:1 and 10:1 are around 39%, 32%, 28%, 26% and 24%, respectively.  
4.3 Performance evaluation of small scale scroll-type rotary Internal Combustion Engine 
A case study has been conducted in order to predict the performance of the scroll-type ICE. Due to the fact that 
scroll device are more suitable to be used for small scale application, the case study conducted in this part has set the 
combustion volume of the scroll engine at 35 cm3. And the rotational speed of the engine has been selected and 
fixed at 3000 rpm in the calculation, because the selected speed is favourable to be used for scroll device and the 
engine can be directed connected to conventional electricity generator under the designed rotational speed. The 
compression/expansion ratio of the small scroll engine has been set at the optimal designed parameters as obtained 
in previous section. The effective energy of the small scale scroll-type rotary engine under the designed geometric 
parameters for combustion, compressor driven, dumping wasted energy and generating effective power are plotted 
in Fig. 6. The effective power generated form the engine under the designed compression ratio at 2:1, 4:1, 6:1, 8:1 
  
Fig. 6. Relationship between effective energy and 
designed compression ratios 
Fig. 7. Ratio of overall energy under different designed 
compression ratio  
  
(a) (b) 
Fig. 5. Effects of designed compressor compression ratio on the 
(a) energy efficiency of the scroll-type rotary Internal Combustion Engine, (b) dumped energy of the overall energy 
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and 10:1 is respectively 2.88, 6.31, 9.63, 12.78 and 15.82 kW illustrated in Fig. 6. Moreover, the ratio of the 
mentioned four parameters of the novel ICE under different designed compressor ratio has also been plotted in order 
to study the tendency relationship as shown in Fig. 7.  
Results indicated with the increase of designed compression ratio the work occupying the overall input energy 
required to drive the compressor side of the engine is increased from 3.08% to 22.65% under designed compressor 
ratio from 2:1 to 10:1. The lines of effective power, compression power and expansion power shown in Fig. 7 
indicate the overall effective energy efficiency of the scroll-type rotary ICE ranges from 0.41 to 0.55 under designed 
compression ratio from 2:1 to 10:1. The wasted energy from the engine is higher than that to drive the compression 
process and more wasted energy can be observed under relatively lower designed compression ratio, which means a 
wasted energy recovery system will be desirable under low compressor ratio of the engine.  
5. Conclusions 
In this study, a scroll-type rotary gasoline Internal Combustion Engine using advanced power generation cycle 
(Humphrey Cycle) has been proposed and studied. The ideal thermal efficiency of the Humphrey cycle, Otto cycle 
(gasoline engine) and Brayton cycle (gas turbine engine) under different compression and pressure ratio has been 
studied and compared. Results indicate under the same designed operational conditions the performance of 
Humphrey cycle is far better than that of Otto cycle and Brayton cycle. The effects of variable 
compression/expansion ratio of the compressor/expander side of the scroll-type rotary ICE have then been studied. 
And results show the optimal performance can be achieved under the compression/expansion ratio at 2:1/5.1:1, 
4:1/9.5:1, 6:1/13:1,8:1/14:1 and 10:1/16.5:1, when the energy efficiency of the system can be respectively achieved 
at 40.92%, 48.02%, 51.52%, 53.62% and 55.24%. A case study has been conducted to predict the performance of 
the novel scroll-type rotary ICE with fixed combustion volume, which indicate under designed compression ratio 
from 2:1 to 10:1, the effective power from the system ranges from 2.88 to 15.82 kW. 
 
Acknowledgement 
The authors would like to thank the supports by EPSRC through (EP/K503885/1) for the project- Study of engine 




[1] J.B. Heywood, Internal Combustion Engine Fundamentals, McGraw-Hill, 1988. 
[2] R. Mikalsen, Y.D. Wang, A.P. Roskilly, A comparison of Miller and Otto cycle natural gas engines for small 
scale CHP applications, Applied Energy, 86 (2009) 922-927. 





Dr Yiji Lu, born in June 1989, is currently a research associate in Newcastle University. He 
graduated from Shanghai Jiao Tong University in 2011 for his bachelor degree, he conducted 
his M.Phil. and Ph.D. in Newcastle University in 2012 and 2016. His research interests include 
but not limited to advanced waste heat recovery technologies, engine thermal management, 
advanced engine development, engine emission technologies, chemisorption cycles and 
expansion machines for power generation system. He has been regularly invited to review the 
manuscripts for the scientific journals including Applied Energy, Applied Thermal 
Engineering, Energy (the International Journal), and Energy for Sustainable Development.   
 Yiji Lu  et al. / Energy Procedia 142 (2017) 1545–1551 1551
6 Yiji Lu et al. / Energy Procedia 00 (2017) 000–000    
and 10:1 is respectively 2.88, 6.31, 9.63, 12.78 and 15.82 kW illustrated in Fig. 6. Moreover, the ratio of the 
mentioned four parameters of the novel ICE under different designed compressor ratio has also been plotted in order 
to study the tendency relationship as shown in Fig. 7.  
Results indicated with the increase of designed compression ratio the work occupying the overall input energy 
required to drive the compressor side of the engine is increased from 3.08% to 22.65% under designed compressor 
ratio from 2:1 to 10:1. The lines of effective power, compression power and expansion power shown in Fig. 7 
indicate the overall effective energy efficiency of the scroll-type rotary ICE ranges from 0.41 to 0.55 under designed 
compression ratio from 2:1 to 10:1. The wasted energy from the engine is higher than that to drive the compression 
process and more wasted energy can be observed under relatively lower designed compression ratio, which means a 
wasted energy recovery system will be desirable under low compressor ratio of the engine.  
5. Conclusions 
In this study, a scroll-type rotary gasoline Internal Combustion Engine using advanced power generation cycle 
(Humphrey Cycle) has been proposed and studied. The ideal thermal efficiency of the Humphrey cycle, Otto cycle 
(gasoline engine) and Brayton cycle (gas turbine engine) under different compression and pressure ratio has been 
studied and compared. Results indicate under the same designed operational conditions the performance of 
Humphrey cycle is far better than that of Otto cycle and Brayton cycle. The effects of variable 
compression/expansion ratio of the compressor/expander side of the scroll-type rotary ICE have then been studied. 
And results show the optimal performance can be achieved under the compression/expansion ratio at 2:1/5.1:1, 
4:1/9.5:1, 6:1/13:1,8:1/14:1 and 10:1/16.5:1, when the energy efficiency of the system can be respectively achieved 
at 40.92%, 48.02%, 51.52%, 53.62% and 55.24%. A case study has been conducted to predict the performance of 
the novel scroll-type rotary ICE with fixed combustion volume, which indicate under designed compression ratio 
from 2:1 to 10:1, the effective power from the system ranges from 2.88 to 15.82 kW. 
 
Acknowledgement 
The authors would like to thank the supports by EPSRC through (EP/K503885/1) for the project- Study of engine 




[1] J.B. Heywood, Internal Combustion Engine Fundamentals, McGraw-Hill, 1988. 
[2] R. Mikalsen, Y.D. Wang, A.P. Roskilly, A comparison of Miller and Otto cycle natural gas engines for small 
scale CHP applications, Applied Energy, 86 (2009) 922-927. 





Dr Yiji Lu, born in June 1989, is currently a research associate in Newcastle University. He 
graduated from Shanghai Jiao Tong University in 2011 for his bachelor degree, he conducted 
his M.Phil. and Ph.D. in Newcastle University in 2012 and 2016. His research interests include 
but not limited to advanced waste heat recovery technologies, engine thermal management, 
advanced engine development, engine emission technologies, chemisorption cycles and 
expansion machines for power generation system. He has been regularly invited to review the 
manuscripts for the scientific journals including Applied Energy, Applied Thermal 
Engineering, Energy (the International Journal), and Energy for Sustainable Development.   
7 Yiji Lu et al. / Energy Procedia 00 (2017) 000–000    
[4] Y. Lu, A.P. Roskilly, A. Smallbone, X. Yu, Y. Wang, Design and parametric study of an Organic Rankine cycle 
using a scroll expander for engine waste heat recovery, Energy Procedia, 105C (2017) 1421-1426. 
[5] Y. Lu, L. Wang, G. Tian, A.P. Roskilly, Study on A Small Scale Solar Powered Organic Rankine Cycle 
Utilizing Scroll Expander, in:  International Conference on Applied Energy, Suzhou, China,, 2012. 
[6] P. Song, M. Wei, L. Shi, S.N. Danish, C. Ma, A review of scroll expanders for organic Rankine cycle systems, 
Applied Thermal Engineering, (2014). 
[7] M. Imran, M. Usman, B.-S. Park, D.-H. Lee, Volumetric expanders for low grade heat and waste heat recovery 
applications, Renewable and Sustainable Energy Reviews, 57 (2016) 1090-1109. 
[8] Y. Lu, A.P. Roskilly, X. Yu, K. Tang, L. Jiang, A. Smallbone, L. Chen, Y. Wang, Parametric study for small 
scale engine coolant and exhaust heat recovery system using different Organic Rankine cycle layouts, Applied 
Thermal Engineering, 127 (2017) 1252-1266. 
[9] Y. Lu, A.P. Roskilly, K. Tang, Y. Wang, L. Jiang, Y. Yuan, L. Wang, Investigation and performance study of a 
dual-source chemisorption power generation cycle using scroll expander, Applied Energy, epub ahead of print 
(2017). 
[10] Y. Lu, A.P. Roskilly, Y. Wang, L. Wang, Study of a Novel Dual-source Chemisorption Power Generation 
System Using Scroll Expander, Energy Procedia, 105 (2017) 921-926. 
[11] E. Winandy, C.S. O, J. Lebrun, Experimental analysis and simplified modelling of a hermetic scroll 
refrigeration compressor, Applied Thermal Engineering, 22 (2002) 107-120. 
 
